tive inhibitors for chemokines or chemokine receptors, based on a more complete understanding of the immunopathogenic role of chemokines in intestinal inflammation, will be of great interest as potential novel therapeutic strategies in IBD.
tem of a genetically susceptible host greatly contributes to disease pathogenesis. This leads to the disruption of mucosal homeostasis and excessive activation of the mucosal immune system. Advances in the past few years have elucidated some of the underlying immunopathogenic mechanisms involved in the inflammatory process [2] [3] [4] [5] .
While the normal intestinal immune system is under a carefully controlled regulatory balance that maintains a state of equilibrium in spite of its constant encounter with commensal and pathogenic antigens, IBD is characterized by a malfunction of these immune-regulatory mechanisms [6] . Uncontrolled activation of mucosal effector cells has been identified as the main pathogenic mechanism involved in the initiation and perpetuation of the intestinal inflammatory reaction [7, 8] . The sustained activation of these cells leads to the aberrant production of various pro-inflammatory mediators, co-ordinated action of which amplifies the inflammatory process [9, 10] .
Among the network of pro-inflammatory mediators involved in IBD pathogenesis, special attention has been paid to cytokines and chemokines, which are small (4-15 kDa) inducible immune-regulatory proteins that play a central role in the development and homeostasis of the immune system [11] . The pathogenic position of pro-inflammatory cytokines in IBD has long been the focus of extensive research. Alterations in the mucosal cytokine profile, resulting in an imbalance between pro-and antiinflammatory cytokines, have been demonstrated for both Crohn's disease and ulcerative colitis [12] . It is generally believed that intestinal macrophages and especially CD4+ T lymphocytes play a crucial role in the cytokine-driven inflammation underlying these diseases. The T helper cells have been classified as Th1, Th2 or Th17 cells, according to their cytokine profile [13] . This aggressive T effector cell activation is insufficiently counteracted by regulatory and anti-inflammatory T cells (Treg, Tr1 and Th3), thereby leading to the inflammatory reaction [7] .
Crohn's disease is characterized by CD4+ lymphocytes with a predominant Th1 [12] and TH17 phenotype [14] . Excessive IL-12/IL-23 and IFN-␥ /IL-17 production determine the downstream release of further pro-inflammatory cytokines in Crohn's disease. Mucosal immune response in ulcerative colitis differs from this, as it is marked by a Th17 and a modified Th2 phenotype, with excessive production of IL-13 and IL-5, but not IL-4. In addition, disease-perpetuating cytokines like IL-6 and TNF-␣ are produced by both Th1 and Th2 cells as well as by macrophages in both IBD entities [2, 15] .
The final result of this intricate cytokine network is the recruitment of more effector cells and induction of tissue-damaging (nitric oxide, prostacylin) and other inflammatory mediators (leukotriens and prostaglandins), which further amplify mucosal inflammation [16] . Inflammatory mediators therefore present potentially attractive therapeutic targets to establish novel treatment options for patients with IBD. The possible impact of such an approach is best provided by the advent of anti-TNF antibodies, which have by now become an integral part of the therapeutic options in IBD [17] [18] [19] [20] .
Other critical determinants of mucosal inflammation in IBD are chemoattractant cytokines (chemokines) and their corresponding receptors, which play a key participatory role in the inappropriate recruitment and accumulation of leukocytes into the pathologically inflamed gut [21] . This constant influx of leukocytes leads to further exacerbation of destructive processes within the intestine. Histologically, neutrophil migration is characteristic for chronic intestinal inflammation and the level of active inflammation refers to the presence of extra-vascular neutrophils, correlating with clinical disease activity in IBD [22] . The final composition of leukocytes and also macrophages and granulocytes from circulation into the mucosa is determined by the relative expression of the various chemokines and their specific cell surface receptors, which thereby play a decisive role in the perpetuation of mucosal inflammation [23, 24] . Apart from aberrant leukocyte chemoattraction, chemokines also orchestrate production of metalloproteinases for matrix degradation, granule exocytosis and up-regulation of the oxidative burst, which all contribute to chronic intestinal inflammation and mucosal destruction ( fig. 1 ). In the following, the inflammatory role of chemokines in the immunopathogenesis of IBD is discussed with extension to their potential as molecular targets for therapeutic intervention.
Chemokines
Chemokines are a large family of small (7-15 kDa) structurally related heparin-binding proteins with wellrecognized roles in adhesion and directional homing of immune and inflammatory cells. Over 40 chemokines have been identified so far and have been divided into four subfamilies (C, CC, CXC and CXC3) based on the arrangement of cysteine residues in the amino-terminus of the protein. The major subgroups consist of CXC chemokines (largely involved in neutrophil and monocyte recruitment) and CC chemokines (more strongly implicated in lymphocyte and dendritic cell recruitment) [25, 26] . Functionally chemokines are classified into two groups: 'constitutively secreted' and 'inducible' [27] . The homeostatic or constitutive subfamily plays an important immune surveillance role in basal leukocyte trafficking into or within lymphoid organs and peripheral tissue, as well as organization of lymphoid tissue. They are expressed in thymus, secondary lymphoid organs and extra-lymphoid tissues. Inducible chemokines on the other hand are secreted by infiltrating leukocytes and tissue cells upon stimulation with pro-inflammatory cytokines (e.g. TNF-␣ , IFN-␥ ) and are responsible for the chemoattractant gradient that directs effector leukocytes to the site of inflammation [27] .
Chemokines exert their biological effect by interacting with specific G-protein coupled receptors on target cells. This characteristically leads to an increased flux in intracellular calcium and, in turn, chemotactic migration of those cells [25] . Redundancy of ligand for chemokine receptor is a characteristic hallmark of this protein family. Thus, several chemokines are able to bind to more than one receptor, whereas few receptors bind a single ligand. This leads to a high level of redundancy in chemokine receptor function, especially in inflammatory responses [21, 25] .
Chemokines not only control the multistep process of leukocyte adhesion to and migration across the endothelium, but also modulate angiogenesis, tissue development, tumor metastasis, tissue fibrosis, epithelial wound healing and release of lipid mediators and oxygen radicals from leukocytes [28, 29] .
The notion that chemokines and their receptors might contribute to the immunopathogenesis of IBD stems from a series of clinical studies published nearly twenty years ago, where an increased expression of CXCL8/IL-8 was found in rectal biopsies of IBD patients [30] [31] [32] . In the following years considerable progress has been made in understanding the functional role of chemokines in the mechanisms of inflammation in IBD.
CXCL8 and CXCR1
Among CXC chemokines, the role of CXCL8 (IL-8) has been intensively studied. It could reproducibly be shown that CXCL-8 production is significantly increased in mucosal samples from ulcerative colitis as well as Crohn's disease patients in comparison to respective controls [30] [31] [32] . Consistent with these findings is data that shows increased expression of CXCR1, the corresponding receptor for CXCL-8, in the colon of IBD patients [33] . Subsequent studies also demonstrated that expression of CXCL-8 closely correlated with the severity of inflammation [31, 34, 35] . Moreover, these studies also favor the observation that clinically and histologically inactive segments of the bowel also express raised CXCL-8 levels, indicating that even in quiescent disease the mucosa is not completely inert but shows signs of disease [36] [37] [38] [39] . 
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There was also a striking correlation between colonic mucosal CXCL-8 expression and IL-1 ␤ and TNF-␣ levels [35] . It could also be shown that this chemokine accounts for the leukocyte chemotactic activity in the inflamed colon. The precise cell types which produce CXCL-8 during active disease have been the subject of a number of investigations. It was reproducibly shown that neutrophils, macrophages, fibroblasts and intestinal epithelial cells account for CXCL-8 production at the sites of active Crohn's disease and ulcerative colitis [36] . Taken together, these studies demonstrate the possible involvement of CXCL-8 in the immunopathogenesis of IBD, which may also be reflected by observations that steroid treatment in IBD patients results in decreased expression of this important chemokine [40] . Therefore CXCL-8 might represent an attractive target for new therapeutic approaches in IBD. This therapeutic strategy is already under investigation in clinical trials with humanized monoclonal antibodies against the IL-8 receptor CXCR2 in the treatment of chronic obstructive pulmonary disease (COPD) [41] .
CXCL9, CXCL10, CXCL11 and CXCR3
The chemokine receptor CXCR3 is expressed by epithelial, endothelial and lymphoid cells [42] . Its ligands CXCL 9 (MIG), CXCL10 (IP-10) and CXCL11 (I-TACH) are induced by IFN-␥ and attract Th1 cells expressing high levels of CXCR3 [43] . It has also been reported that CXCL10 inhibits intestinal epithelial cell proliferation and regulates crypt cell proliferation during acute colitis [44] . CXCL9-11 also enable NK cell chemotaxis and augment NK cell specific cytolytic response [45] .
Increased expression of CXCR3, especially in CD4+ T lymphocytes, could be demonstrated in the mucosa of IBD patients compared to controls [46] . In vitro experiments also revealed a heightened expression of the CXCR3 in intestinal epithelial cells upon stimulation with various pro-inflammatory cytokines. In confirmation, CXCL9-11 are also up-regulated at the sites of active colitis [47] . Moreover CXCL10 expression has been shown to be heightened in the mucosa of patients with ulcerative colitis and Crohn's disease as well [48] . Correspondingly, CXCL9-11 serum levels in IBD patients are increased as well [49, 50] .
Interestingly in IL 10-/-mouse (an experimental colitis model) treatment with an anti-CXCL10 antibody could abrogate spontaneous colitis, which coincided with a significant decrease of the pro-inflammatory cytokines IL-6, TNF-␣ and also IFN-␥ [50] . In addition in the dextran sodium sulfate (DSS)-induced colitis model, the neutralization of CXCL10 protected mice from colitis and intestinal ulcerations by enhancing crypt cell survival [51] .
Consequently phase one clinical trials with a fully human anti-CXCL10 monoclonal antibody (MDX-1100) have been initiated in the treatment of IBD patients.
CCL2 and CCR2
The chemokine CCL2 (MCP-1), which only uses CCR2 as its single receptor, has potent chemotactic and activating activities for monocytes and macrophages [52] . Several studies identified elevated CCL2 mRNA and protein expression in the mucosa of IBD patients [53, 54] . Strikingly, only CD4+ T cells in ileal Crohn's disease, but not those infiltrating the colon, exhibit increased CCR2 expression, reflecting the regional variation of chemokine expression [55] . In the DSS-induced colitis model, CCR2 deficient mice exhibited reduced signs of colitis [56] and combined blockade of CCR2, CCR5 and CXCR3 protected these mice from the onset of colitis along with a reduction regarding intestinal infiltration with CD11b+ macrophages [57] . This reduction could also be achieved in this colitis model by the application of distinct CCL2 antagonists. Moreover, in the azoxymethane-DSS (AOM-DSS) model, which mimics colitis-associated colon carcinogenesis, CCL2 expression was enhanced together with massive macrophage infiltration. Mice deficient for CCR2 concordantly exhibited decreased macrophage infiltration and lower tumor numbers and application of a CCL2 antagonist also reduced the size and numbers of colon tumors in this model [58] . These observations thereby identify CCL2/CCR2 not only as crucial mediators in intestinal inflammation but also in the initiation and progression of colitis associated colon cancer. Therefore targeting the CCL2/CCR2 interaction may be useful in the treatment of gut inflammation and even inflammation-associated colon cancer.
Intriguingly, a recently published study indicates that CCL2 does not necessarily only augment the inflammatory process, but can also exert anti-inflammatory effects when administered in sub-physiological doses by inhibiting the migration of T cells in experimental colitis models. Furthermore, low-dose CCL2 also prevented the onset of inflammation-enhanced carcinoma in the AOM-DSS model [59] . Further research is definitely needed to fully analyze theses effects.
CCL5, CCL6 and CCR1, CCR5
The chemokine CCL5 (RANTES) is also expressed in the inflamed gut of Crohn's disease patients [53] . In further experiments increased colonic expression of CCL5 and its receptors CCR1 and CCR5 in TNBS-induced colitis were associated with augmented migration of inflammatory cells into colonic tissue and the appearance of ulcerative lesions. These results suggest that CCL5 attracts CCR1 and CCR5 expressing cells into the mucosa, where activation of these cells leads to tissue destruction [60] [61] [62] . In other murine studies, CCR5-deficient mice exhibited a reduction of intestinal inflammation during DSSmediated colitis when compared to respective wild-type controls [56] .
The chemokine receptor CCR5 is predominantly expressed in Th1 lymphocytes in Crohns's disease [57] , but can also be detected on regulatory T cells as well. This dual expression enables the recruitment of pro-or antiinflammatory cells to the tissue. This is visible in SAMP/ Yit mice, where the induction of CCL5 leads to the recruitment of FoxP3+ regulatory T cells into the inflamed mucosa [63, 64] .
An increase in the expression of the chemokine CCL6 (MCP-3) has also been also reported in colonic biopsies of patients with active IBD. Correspondingly a positive correlation between CCL6 expression in epithelial cells and the extent of epithelial call destruction in ulcerative colitis patients could be observed [65] .
CCL20 and CCR6
CCL20 (LARC) is a recently described chemokine, which together with its cognate receptor CCR6 is considered as an important factor in the uptake of antigens by M cells and subsequent presentation to myeloid dendritic cells [66] .
CCL20 is up-regulated in the dome epithelium of Peyer's patches and surface epithelial cells in the colon of active Crohn's disease and ulcerative colitis patients [33] . In DSS-induced colitis CCL-20 is also strongly induced and blockade of CCL20-CCR6 interaction by an anti-CCL20 antibody attenuated gut inflammation [67] and CCR6-deficient mice were resistant to the onset of colitis in this experimental model [68] .
CCL25 and CCR9
CCL25 (TECK) is specifically expressed in the small intestine and the thymus. It signals through its receptor CCR9, which is expressed on lymphocytes and IgA secreting plasma cells. The CCL25/CCR9 pathway therefore is regarded as an important mechanism for mucosal homeostasis in the small intestine [66] .
It could be shown that CCL25 may be crucially relevant for regional specialization of intestinal immunity, as its expression is limited to the inflamed small intestine in Crohn's disease patients, and it is not expressed in the colon. Furthermore, only lamina propria mononuclear cells in the small intestine express CCR9, again indicating that CCL25 has a key role in the recruitment of effector T cells to the small bowel in Crohn's disease [69] . Expression of CCR9 in mucosal lymphocytes is reduced in Crohn's disease and CCL25 expression is not augmented in the small bowel but rather altered in its distribution pattern (patchy distribution by intestinal crypts) [69, 70] . Remarkably, targeting of CCL25 or CCR9 by blocking antibodies in the SAMP1/Yit mouse model for ileitis was only effective in early stages of the disease, indicating that other mechanisms might perpetuate the inflammatory process in the course of the disease [71] . On the other hand, another experimental ileitis model, the Tnf ⌬ ARE mouse, demonstrated intestinal inflammation in the small intestine independently of CCL25/CCR9 signaling [72] . Nevertheless a CCR9 antagonist is currently under investigation for the treatment of active Crohn's disease.
CX3CL1 and CX3CR1
CX3CL1 (fractalkine) is a membrane bound chemokine expressed on vascular endothelial cells, which allows it to act both as a soluble chemokine and a membrane-bound adhesion receptor. The fractalkine receptor CX3CR1 is primarily expressed on monocytes, dendritic cells and lymphocytes. The CX3CL1/CX3CR1 interaction mediates the positioning of dendritic cells to enable them to direct sample gut luminal antigens [73] .
The expression of CX3CL1 in the intestinal epithelia and in microvascular cells is significantly up-regulated in Crohn's disease patients, while CX3CR1 can be found in peripheral blood T cells in IBD patients, correlating with disease activity [74] . These T lymphocytes bear markers of cytotoxic effector lymphocytes and produce higher amounts of TNF-␣ and IFN-␥ [75] . The subsequent treatment of two murine colitis models with a neu-tralizing antibody against CX3CL1 showed a striking therapeutic benefit, indicating the potential of targeting the CX3CL1/CX3CR1 axis in the treatment of mucosal inflammation [66] . Interestingly, two polymorphisms of CX3CR1 have recently been reported, of which one seems to have an impact on the Crohn's disease phenotype [76] .
CXCL12 and CXCR4
Recent reports also indicated a possible immunopathogenic role for the chemokine CXCL12 (SDF-1 ␣ ) and its receptor CXCR4. It was originally classified as a constitutive, homeostatic chemokine but increased expression could be demonstrated in intestinal epithelial cells in the inflamed intestine of IBD patients. Moreover, a significant chemotactic effect of CXCL12 was proven on peripheral blood T cells, as well as lamina propria T cells and this effect could be blocked by specific antibodies against this chemokine or its receptor CXCR4. Therefore the selective manipulation of the CXCL12/CXCR4 axis might also be an attractive target in the management of IBD [77] .
Chemokine Decoy Receptor D6
The decoy receptor D6 internalizes and degrades a broad panel of pro inflammatory chemokines without triggering signal transduction. It therefore binds chemokines which would otherwise activate their conventional chemokine receptors CCR1 to CCR5. This decoy receptor seems to selectively deplete various inflammatory CC chemokines from the extracellular milieu, while CXC and homeostatic chemokines are not recognized [78] . Recently published data indicate that D6 expression is increased in intestinal leukocytes and colonic lymphatic vascular beds in IBD patients and patients with IBD-associated cancer [79] . In functional studies, D6-deficient mice revealed a heightened susceptibility to mucosal inflammation in the DSS-model for experimental colitis which was associated with increased levels of several pro-inflammatory chemokines (CCL2, CCL3, CCL5, CXCL1 and CXCL2) and heightened leukocyte recruitment in the inflamed mucosa. Moreover, D6 deletion also led to enhanced tumor formation and increased tumor progression in the AOM-DSS model. These observations indicate that the decoy receptor for inflammatory chemokines D6 is induced during inflammatory reactions to contribute to the resolution of mucosal inflammation through the control of chemokine availability [79] . In this way, D6 offers a novel potential therapeutic strategy for the restoration of mucosal homeostasis in IBD.
Conclusion and Future Prospects
The entities that comprise IBD are not just simple inflammatory diseases, but instead reflect the intricate interaction of different signaling pathways and cell types of the intestine. The interplay between epithelial and effector immune cells in the gut is commonly believed to be the critical pathogenic mechanism involved in the initiation and perpetuation of the inflammatory reaction, as these cells predominantly participate in the chronic inflammatory response of IBD and secrete pro-inflammatory mediators that facilitate and amplify cell interaction [2, 15] . Besides an array of cytokines, chemokines have lately also been identified as pivotal mediators in the inflammatory cascade, as their coordinate expression orchestrates the recruitment of leukocyte effector cell populations into the injured tissue, which is a fundamental event in disease progression [11] . Analyzing the functional role of chemokines and their receptors in IBD immunopathogenesis, would enable us to understand if their overexpression is only a secondary phenomenon or whether they play an essential immunopathogenic role in the inflammatory process. As chemokines have a plethora of overlapping functions, it will be critical to identify which of the large numbers of signaling pathways is central to chronic intestinal inflammation and might therefore be specifically targeted for the development of new therapeutic strategies. This therapeutic approach could include agents that specifically inhibit chemokine synthesis or block chemokine binding to receptors on inflammatory cells in order to prevent aberrant leukocyte chemoattraction and diminish the severity of the inflammatory process and thus clinical disease activity. This approach is currently under investigation in a phase I clinical trial with a fully humanized anti-CXCL10 antibody.
Nevertheless, blockade of single chemokines or corresponding receptors should be carefully evaluated, as the redundancy of different chemokines for one chemokine receptor and the abundance of different chemokines all mediating overlapping effects is a characteristic hallmark of this protein family. Furthermore, the chemokine network is strongly influenced by other receptor systems, such as cytokines or growth receptors which become activated during cell infiltration. Potential safety liabilities of targeting specific chemokines should be considered as well, especially when a chemokine response is entirely blocked thereby compromising the host's immune defense. Therefore, further studies are needed to elucidate the full importance of chemotactic and non-chemotactic roles for chemokines in IBD and the relevant signaling pathways involved. This could enable a novel chemokine-focused approach that would allow us to specifically intervene in the inflammatory process, based on a more effective and hopefully less toxic therapeutic rationale.
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